ABSTRACT Possible temporal variations of the solar radius are important as an indicator of internal energy storage and as a mechanism for changes in the total solar irradiance. Variations in the total solar irradiance with an amplitude of 0.1% have been observed from space for more than two decades. Although the variability of this solar output has been definitely established, the detailed dependence of the rate of energy output on the level of solar magnetic activity has not yet been measured with enough continuity and precision to determine the correlation throughout the full solar cycle. While a large fraction of the irradiance variability can be explained by the distribution of solar magnetic activity at the surface, small changes in the solar radius (i.e., contributing to the global variability of the solar envelope) could account for a significant fraction of the remaining variations. Studies of the apparent solar radius variation have reported contradictory results, in the form of both correlations and anticorrelations between the solar radius and, for example, the cycle of sunspot numbers. We present results from more than 30 yr of solar radius measurements obtained from the Mount Wilson synoptic program of solar magnetic observations carried out at the 150 foot (45.72 m) tower. We have used an improved definition of the solar radius that also allows us to study the heliolatitude dependence of the radius measurements. We find that the variations of the average radius are not significantly correlated with the solar cycle over the last three decades. We also compare the heliolatitude dependence of these radius measurements with recent results obtained at the Pic du Midi Observatory in France.
INTRODUCTION
Variations of the solar radius could play an important role in understanding the variability of the solar energy output, which impacts the Earth's climate and space environment. Space-based observations have shown that the total solar irradiance, which is believed to be closely linked to luminosity changes, varies in phase with solar magnetic activity (Fröhlich 2000) . However, it is still a matter of debate how much of this variation is actually produced by changes in solar radius.
It is important to distinguish between the ''geometric'' radius and the one that is usually derived from the size of the observed solar image. The first type of radius is used as input in solar model computations and has to be inferred indirectly using, for example, the results of helioseismology. The second type of radius is based on definitions of a particular point in the radial limb-darkening function. This radius is sensitive to changes in the local conditions of the solar atmosphere (e.g., temperature, density, and magnetic activity) and to properties of the optical system. It is usually called the apparent radius. The relationship between these two radii is complex and still not understood. The main issue with the apparent radius is to correct the measurements for instrumental effects and other contaminations. When a physical and reliable model of these effects is missing, as in our case, then the correction can only be done using empirical relationships. However, as is common for this type of measurement, it is important to stress the fact that nonsolar residuals from unresolved instrumental effects may contaminate the results significantly.
Ground-based measurements of the apparent solar radius have been available for more than 300 years now (Ribes et al. 1991 ), but the results are often inconsistent. For example, the measurements made with the solar astrolabe by F. Laclare in France (Laclare et al. 1996) show a variation of the solar radius in antiphase with the solar cycle, while F. Noël in Chile (Noël 2004) reported a variation in phase with solar activity, despite using a similar instrument. While these discrepancies probably have several origins, a significant source of contamination in groundbased solar radius measurements is the distorting effect of the Earth's turbulent atmosphere. For this reason, observations from space offer the promise of very accurate solar radius measurements, but these observations currently cover less than a solar cycle. A recent study of 7 yr of solar astrometric data obtained with the Michelson Doppler Imager (MDI ) on board SOHO reported no evidence of solar cycle radius variations at any level above 7 mas (Kuhn et al. 2004 ), significantly lower than any variation reported from ground-based observations. This is the longest and most accurate optical solar-radius measurement currently available from above the Earth's atmosphere. Unfortunately, longer temporal baselines are needed to study the impact of solar variability on longterm terrestrial climate changes. Until these data are available from space, ground-based observations are still a very important resource in studying the connection between changes in solar energy output and the factors that drive climate changes.
In this paper we present consistent solar radius measurements obtained from the Mount Wilson synoptic program of solar magnetic observations carried out at the 150 foot (45.72 m) tower between 1970 November and 2003 March. Typically, on each clear day up to $20 magnetograms are obtained in the spectral line of neutral iron at 5250.2 8. In a previous analysis of this database (Ulrich & Bertello 1995) , the Sun's apparent radius in this line was derived from the fit of a circle to the isophote having an intensity equal to 40% of the central intensity. We have recently improved this definition of radius, and developed a new definition based on intensity fits within 16 sectors around the solar circumference. All radius measurements are then corrected for such effects as scattered light and atmospheric refraction. Another advantage of this new definition is the opportunity to investigate the latitude dependence of the radius measurements. In comparing the Mount Wilson radii to those from other programs, it is important to remember that the radiation used arises from the upper solar atmosphere in the spectral line, and that the derived limb positions can be influenced by the presence of active regions.
As for the radius and its variation, the Sun's deviation from a spheroid shape, if any, could play an important role in understanding the source of the longterm luminosity variation either originating from subsurface phenomena, or from a modification of the internal structure (Li et al. 2003; Lefebvre & Rozelot 2002; Fazel et al. 2006) . Some attempts to accurately determine the solar shape from space have already been done by Lydon & Sofia (1996) , using solar disk sextant (SDS) experiments, and Kuhn et al. (1998) , using MDI data. In this last paper, the authors concluded that the solar shape varies with latitude in an unexpectedly complex way, with a significant hexadecapole shape that may also be variable. In addition, high-precision measurements (with a spatial resolution of 0B1 pixel
À1
) of the apparent solar shape distortion were obtained from the scanning heliometer at the Pic du Midi observatory. From these measurements, Rozelot et al. (2003) reported a solar shape distortion with a bulge near 30 of heliolatitude, followed by a depression at higher latitudes near 60 Y70 . While our measurements show a similar shape, the observed amplitude of this variation is much larger (a factor $5) than the one measured at the Pic du Midi observatory.
DATA ANALYSIS
The Mount Wilson system at the 150 foot tower and its method of measuring the apparent solar radius have been described by Labonte & Howard (1981) , but for the current status of the 150 foot solar tower telescope program of synoptic observations, which includes improved instrumentation, calibration, and analysis, the reader is referred to the paper by Ulrich et al. (2002) . In short, a portion of the solar image is directed into a spectrograph entrance aperture by a servo-controlled coelestat and doublet objective lens at the top of the tower. The position of the solar image is determined by a guiding system carried on a movable frame near the focal plane, whose position is determined by precision screws. The magnetogram is built up by scanning the image over the spectrograph entrance aperture in alternating directions, with the primary scan direction adjusted daily to be perpendicular to the Sun's polar axis. The observation is started in the solar north or south by random selection. Each scan line extends off the disk and onto the sky at both ends. Each clear day 1Y2 magnetograms are obtained using a 12 00 square aperture, and up to 18 are obtained using a 20 00 square aperture. This procedure is sketched in Figure 1 for a magnetogram taken on 2002 June 26. Superposed to the image is the entrance aperture size of the spectrograph and a typical raw intensity trace taken along the marked line. For each magnetogram, the radius is determined according to the procedure described in the following section.
Radius Determination
In Ulrich & Bertello (1995) , the limb position was determined based on the fractional intensity definition in the limb-darkening curve, which corresponds at the wavelength used to a contour level of 25% of the disk average intensity. The radius and the center were then calculated by a least-squares method of a circle fitting to the limb's points. In this work, the radius definition is improved to include the geometry of the solar disk. The radius is now found from the scanned images using a multistep process, as described below. The radii are calculated from positions along artificial scan lines, recreated by interpolation to follow a radius vector out from the image center. The circular radius R 0 , used as reference radius, and coordinates of the image center are iteratively determined and used to select points for analysis. All artificial scan lines lying within each of the 16 angular sectors are collected, and the radius determination is based on the intensities as a function of radial distance for the selected points. Intensities influenced by the guider heads are rejected using the known guider-head geometry. A radial distance is picked at 0.9542R 0 , and the intensity at that position is calculated from a cubic polynomial fit of I to r for all observed values with r between 0.9R 0 and 0.98R 0 . We define this intensity to be I ref . The sector radius R i is then found as the radial distance to the position where I ¼ 0:4I ref .
The R i values are averaged to produce an updated R 0 and image center, and the process is repeated until it reaches stability. The radii from this definition are about 0.3% smaller than other reported values. This is probably due to the fact that we use a 12 00 or 20 00 aperture, and the very sharp limb edge is rounded back to give us an inflection point at too small a radius. Figures 2 and 3 illustrate this procedure. The first of these two figures also shows an example of a measured limb-darkening profile in a sector. For comparison, we have taken the theoretical profile from Pierce & Slaughter (1977) and convolved it with a 12 00 boxcar function to simulate the effect of the Mount Wilson system aperture. The resulting radius is about 2 00 smaller than a limb-edge definition based on the theoretical curve would give. As a result of this procedure, 16 different values for the radius are obtained from each individual observation. This number can be significantly reduced by fitting an ellipse to the sixteen sectoral radii and determining in this case an east-west and north-south radius.
Data Selection and Corrections
For this study we have used the 16 radii per observation data set, determined as described in the previous subsection. This is currently the largest collection of radius measurements obtained from the Mount Wilson synoptic program. More than 770,000 individual radius values are included in this data set for the period 1970Y2003. Figure 4 shows the raw radius measurements as a function of time. Clearly visible in this figure is the effect of the variable observer-Sun distance, and the abrupt change in value of the data collected after 1984 September 12, produced by the installation of new Bei X and Y encoders. We eliminated this discontinuity by multiplying the data prior to this date by 0.96. The variation in the data introduced by the orbital motion is removed by multiplying the raw measurements by the observer-Sun distance (in AU) given by the standard JPL ephemerides. Variations in the measured image size, aside from any true solar radius changes, are also produced by different sources; scattered light, atmospheric refraction, and other instrumental/observational contaminations are all factors that affect the measured radius. These effects need to be taken into account and properly removed from the data. Details of these corrections, in the order they were performed, are provided below.
1. After the raw data are corrected for the variable observerSun distance, they are rescaled to an angular displacement using a conversion factor of 0B292 per encoder unit. This scale factor is accurately calculated from the geometry of the tower optical system and the encoder system. Finally, an offset of 2B61 is added to each radius measurement to take into account the effect of the aperture entrance, as explained in the previous subsection. Figure 5 shows the data after this first step in the calibration process. There is an evident pattern, clearly visible in particular after 1986, with a periodicity of 1 yr in the way the points are scattered over time. This pattern can be attributed to the effect of the Earth's atmosphere differential refraction, which is discussed in the next point.
2. Differential refraction decreases the solar diameter that appears vertical to the observer more than any other diameters. To remove this effect, each individual measurement is increased by the corresponding amount of differential refraction, which, at small zenith distances, is proportional to the tangent of the observed zenith distance (Smart 1962, chap. 3) . This assumption restricts our analysis to observations taken at hour angles in the range AE2 hr only. For the coefficient of atmospheric refraction k we use the value
where the barometric pressure P is measured in inches and the temperature T in degrees Fahrenheit. Both P and T are recorded for each observation, but since P does not vary significantly, and k is more sensitive to the annual variation in T than to P, a mean value of 24.5 inches (62.23 cm) for the barometric pressure has been used in this work. Figure 6 shows the effect of correcting the data for atmosphere differential refraction. Most of the scattering visible in the distribution of points in Figure 5 is now eliminated as a result of this correction. Residual deviations are the results of the effect of scattered light, which is discussed below. 3. The scattering function is mainly due to the variation in atmospheric conditions and to the cleaning /deterioration cycle of the optics. This variation is monitored through an average of the light levels off the solar disk at a distance of 1 0 Y3 0 ( Ulrich & Bertello 1996) . Since the scattered light correction requires that we correlate the radius measurements with the scattered light values, an appropriate selection of data is performed prior to this step. From the full database of observations, we have selected only those spectroheliograms obtained using a 12 00 square aperture and observations taken after 1974 July 11. Data prior to that date cannot be used, owing to a poorly stabilized optical system, although the high-resolution magnetograms provide a more accurate determination of the radius than those obtained with a 20 00 square aperture. Observations with scattered light intensity values greater than 3% are dominated by clouds and haze, and have been excluded from our analysis, as well as 7 months worth of poorquality data from 1986. The above data selection strongly reduces the number of observations used in the subsequent analysis to about 54,700 measurements. When the radius is plotted as a function of the measured scattered light intensity, an evident linear relationship is found. To correct our measurements for such effect, we bin the radius values with respect to the scattered light variable. In this work, a 0.1% wide scattered light bin is used. The correlation between radius and scattered light is shown in Figure 7 . The error bars are 1 errors of the mean derived from the daily observations for each bin. The larger error bars are produced by the larger dispersion of data at higher scattered light intensities. This correlation can be represented by the linear equation
where R is the radius (in arcseconds) and S L the intensity scattered light (%). The correlation coefficient is 0.82. This relationship is then used to correct each single observation for the effect of scattered light. This is done by simply adding to each single observation the quantity 0:209S L . Figure 8 shows the selected radius data measurements after the scattered light correction. The result is a significant reduction in the dispersion of the data point, as emphasized by the change in the vertical scale.
4. After the correction for scattered light effect was applied, a residual annual variation (whose amplitude peak-to-peak is %0B135) was removed. This annual variation is clearly visible when the radius is plotted as a function of the fraction of the year (Fig. 9) , and it is likely produced by the B angle modulation. To remove this effect from the data, we have fitted a third-degree polynomial to the points shown in Figure 9 , and then corrected each single observation by subtracting from each radius measurement the difference between the value of the fitted polynomial at the time of the observation (in fractions of years) and the value of the polynomial fit at 0.5, used here as a time reference. Figure 10 shows the radius data after this residual annual correction was applied.
5. Finally, using a procedure similar to the one described in the previous point, we corrected the data from a daily modulation linked to the tower movement itself during the day. As the Sun moves in the sky, the tower is heated in different places, and so the focal is slightly changed during the day. This last correction is the smallest (amplitude peak-to-peak of %0B117). Figure 11 shows the radius data after the daily modulation correction.
Two possible additional effects have not been removed from the data. These are:
1. The image guiding system employs a control system requiring the solar image to be off-center by a small distance in order to generate a signal to move the second flat mirror. The force generated on the drive motor is proportional to the image offcenter distance. Because of the complex nature of the system driving the second flat, the required force depends on the direction of motion of the mirror and the mirror position. The derived solar radius can depend on the positions of the guiding optics around the solar perimeter. The change in measured solar radius due to these properties of the guiding system is small and based on a correlation between radius and scan angle; we estimate the effect to be less than 0B05.
2. The sampling of the light used to find the solar radius is made spectroscopically, by means of optical components that have been changed at various times over the course of the project. Of particular importance are the introduction of a fiber optic sampling system in 1981 December and spectrograph focus adjustments in 1984 February and 1985 September. These changes may have altered the spectral bandpass accepted by the system in such a way that a greater contribution came from continuum light formed at lower altitudes between 1982 and 1986, leading to an apparent smaller radius. A number of additional improvements were made between 1986 and 1996 that may have contributed a smaller but similar effect.
OBSERVED VARIATIONS OF THE APPARENT SOLAR RADIUS
Our measurements cover almost three solar cycles. Two different analyses have been carried out; we first studied the time dependence of the apparent solar radius, and then we investigated a possible variation of this radius with heliographic latitude.
Time Dependence
In the top panel of Figure 12 , we show the time dependence of the solar apparent radius as measured at the 150 foot tower at Mount Wilson, in the spectral line of neutral iron at 5250.2 8, over the last three decades. Each point is the annual average derived from the daily observations, and the error bars are the 1 errors of the mean. The data are sorted into three classes of heliographic latitudes, as indicated in the figure. As a reference, we plot in the lower panel the daily and annual sunspot number obtained from the public database at SIDC. 1 A simple visual comparison of these two panels seems to indicate that there is not a clear correlation between the observed variations of the solar radius and the change in the sunspot number. The radius measurements for the three classes of latitudes show a similar behavior. The radius is almost constant until 1982 April; then there is a significant drop of about 0B2Y0B5 followed by a linear increase over the next decade. This trend is more evident for the radius measurements taken at higher heliographic latitudes. The time of the break in the data trend in 1982 coincides with the installation of a fiber optic spectral sampling system replacing the prior system, which consisted of prisms and masks at the exit focus of the spectroheliograph (SHG). Between 1982 and 1985, the SHG exit focus was incorrect. Between 1986 and 1990, a series of optical alignment adjustments were made, culminating in the replacement of the grating mount and control system in 1990 September, along with a narrowing of the SHG entrance slit in 1990 November. Finally, in 1996 a larger grating was installed, along with new spectral sampling fiber optic reformattors. The combination was designed so as to retain the sampling of the 5250.2 8 line as nearly constant as possible. We believe that the purity of the spectral sampling influences the derived radius, since the continuum radiation arises from deeper layers in the solar atmosphere; hence the trend toward larger radii when the focus error was corrected. Consequently, the smaller radii between 1982 and 1990 may be an instrumentally influenced result.
A visual inspection of Figure 12 clearly indicates no apparent correlation between the temporal variations of the measured solar radius and the 11 yr sunspot number cycle for the 30 yr investigated in this paper. In a separate analysis, we have investigated the possibility of a linear trend in our data. For this analysis, we have excluded the data corresponding to the period 1982Y1990, which are likely to be contaminated by instrumental effects. We found no significant longterm variations in these measurements. It is important, however, to realize that it is in general very difficult to separate from the data the actual radius variability from the variations induced by other spurious effects. In the case where the measurements are made using a spectral line, the sensitivity of the line to the solar magnetic features also plays a significant role in the determination of the estimated radius. The corrections listed in x 2.2 only remove what we believe are the most important sources of known contaminations, but others certainly remain. An upper limit on the solar changes over the 30 yr period investigated here can be obtained from the rms of the data. This value is $0B25.
Apparent Solar Shape
To study a possible variation of the apparent radius with heliographic latitude, all the observed data were sorted into nine classes of heliographic latitude, each 10 wide bin, as shown in Figure 13 . The analysis of this figure indicates that the apparent solar radius may possibly vary with the latitude. The curve shows a departure from the ellipsoid, with a bulge near the equator in heliolatitude, with the data being binned per year. Also shown as a gray line, with its upper and lower limits (dotted line), is a recent solar radius determination obtained from MDI observations during the period 1998Y2004. The MDI-estimated mean solar radius is 959B276 AE 0B152 (Kuhn et al. 2004) . As a reference, in the bottom panel we plot the daily and annual variations of the sunspot number for the same time interval covered by our measurements.
extending through 20 Y30 of heliolatitude, followed by a slight depression at higher latitude near 60 Y70 . As a reference, we also show the curve one would get from an ideal ellipse calculated using the observed east-west and north-south radii as the two semiaxes. We compare our data with those obtained by means of the scanning heliometer at the Pic du Midi observatory. This instrument is set up inside the Turret Dome, and observes in the continuum at 505.8 nm. Since 2000, five annual campaigns have been completed, but the one in 2001 has been exceptional due to excellent seeing conditions. During this 4 day campaign, from September 3Y6, more than 7000 scans were obtained, and a solar radius was computed from each of those. The method used to infer the radius is different from the one used at Mount Wilson. With the heliometer, due to a very high resolution, we are able to compute the inflection point of the intensity profile with great precision. Details on the calibration of the system and the corrections applied to the raw data are described in Rozelot et al. (2003) . The results are shown in Figure 13 , along with the result from an ideal ellipse obtained from those data. Both Mount Wilson and Pic du Midi measurements show a similar solar latitudinal behavior: an equatorial bulge extending through 20 Y30
is followed by a depression at higher latitudes near 60 Y70 . Both results indicate that the global apparent shape of the Sun is oblate, with the equator slightly larger than the pole. However, the two measurements provide significantly different numerical values for the difference between the equatorial radius and the polar radius: %0B1 for Mount Wilson and %0B02 for Pic du Midi. The smaller variation obtained from the Pic du Midi data is probably the consequence of a much higher spatial resolution and the different technique used to infer the apparent radius. In addition, the sensitivity of the spectral line to magnetic features at the solar surface, in particular near the limb, can play a critical role in determining the result we obtain from the Mount Wilson measurements.
DISCUSSION
The question of whether or not the solar radius varies with the solar cycle has been widely debated in the past decades. Our current study of the Mount Wilson radius data in the iron spectral line does not show any clear variation with the solar cycle.
However, it is interesting to mention that since around 1995, the variations in the solar radius have been weaker than the previous year by a factor of 2. Moreover, when we look at the temporal variation of the 30 latitude bands, these last years are marked by an unusual behavior of the Sun, which tends to be more spherical. That is, the radius near equatorial latitudes approaches the values of the radius near the polar latitudes, and even becomes slightly smaller after 2000. Recent measurements from the MDI instrument aboard SOHO put an upper limit of 0B007 on the variations of the solar radius (Kuhn et al. 2004) . It is worth mentioning that previously published results from ground observations exceeded this value by as much as 100 times. The period covered by the MDI data begins in 1998, when the variations of the apparent solar radius from Mount Wilson are weaker. As for the global behavior of the apparent shape of the Sun over the investigated period, our study suggests that the average solar shape of the Sun, compared with other results from Pic du Midi, presents departures from a perfect ellipsoid, with an equatorial bulge extending through 20 Y30 of heliographic latitudes, followed by a slight depression at higher latitudes. Considering the many sources that affect the measurement of the apparent solar shape from the ground, such as atmospheric turbulence, it is unlikely that a similar dependence of the solar radius in heliolatitudes, observed from two different instruments and under different conditions, would have been found if not partly of solar origin.
ASTROPHYSICAL CONSEQUENCES
The knowledge of the true solar shape of the Sun, which is called helioid, is important not only for solar physics (accurate measurements of the shape of the Sun lead to the calculation of the solar shape parameters and the multipolar moments J n ), but also in the field of terrestrial climate research, where it plays a fundamental role. Solar radius and shape observations will teach us how the Sun's convective envelope responds to emergent energy fluctuations, and the determination of this outer boundary condition is essential to understanding the solar total irradiance and luminosity variations. Generally speaking, accurate astrometric measurements of the helioid are also important to:
1. Improve the physics of current solar models, particularly in the subsurface layers. Future heliodesic measurements can be very useful in probing the physical processes that govern the solar interior, particularly in the subsurface layers, which are currently not well known (Godier & Rozelot 2001; Lefebvre & Kosovichev 2005; Sofia et al. 2005) .
2. Study the connections between solar irradiance and terrestrial climate. Changes in the apparent size of the Sun could account for a significant fraction of the total irradiance variations, and solar irradiance is known to be a primary force in driving atmospheric circulation. Recently, a four-component model composed of quiet Sun, magnetic network, faculae and sunspots has been developed to explain 90%Y95% of the solar irradiance output (Solanki & Krivova 2004) . Possible variations in the Sun's radius are not included in this model, and this could possibly explain, if not the whole of the remaining 5% Y10% , at least a part of it ( Fazel et al. 2006; Rozelot et al. 2004) .
3. Better determine the planetary orbits, thus improving the computation of planetary ephemerids, particularly concerning the inclination of orbits .
4. Improve the prediction of the Mercury perihelion advance. The multipolar moments are part of the relativistic equation in computing the Mercury perihelion advance ( Pireaux & Rozelot 2003; Pireaux et al. 2005) . This is also a key point in the Gaia mission, for which the orbit-improvement procedure adds to the standard osculating element, the perihelion precession rate, and its model with the PPN parameters and the solar J2.
CONCLUSIONS AND PERSPECTIVES
The analysis of more than 30 yr of apparent solar radius measurements obtained from the Mount Wilson synoptic program of solar magnetic observations carried out at the 150 foot tower in the spectral line of neutral iron at 5250.2 8 leads to the following conclusions:
1. There is no apparent correlation between the temporal variations of the apparent solar radius and the variations in the sunspot number.
2. The data show a distortion of the observed apparent solar figure: a bulge appears near the equator extending through 20 Y 30 of heliographic latitudes, followed by a depression at higher latitudes. The global behavior of the shape remains oblate. This result is qualitatively consistent with other measurements taken at the Pic du Midi observatory.
In the near future, we plan to perform an extensive analysis of the Mount Wilson database, which includes, besides the 5250 8 Fe i line, measurements in the Fraunhofer lines (1) Cr ii: k = 5237 8 (from 1987 December), (2) Ni i: k = 6768 8 (from 1996 April), and (3) Na i: k = 5896 8 (from 1996 April). The study of the solar radius in different spectral lines is of particular interest, because it can provide information about different layers in the atmosphere of the Sun, such as a ''tomography'' of the subsurface layers of the Sun. In addition, the Mount Wilson system has the ability to obtain spectroheliograms from different positions along the proile of a single spectral line, a characteristic that greatly improves the diagnostic power of this study.
Although the Mount Wilson synoptic program of solar magnetic observations was not designed to obtain accurate measurements of the solar shape, the qualitative agreement with the observations at much higher spatial resolution performed at Pic du Midi is remarkable. It should be noted, however, that the measurement of the solar shape using ground-based observatories is in general a very difficult task because of the very high precision required by this type of measurement. For this reason, dedicated future astrometric space missions, such as SDO, GOLF-NG, and Picard, offer the promise to greatly improve the diagnostic capability of these observations.
